The genetic nature and biological effects of recombination between porcine endogenous retroviruses (PERV) were studied. An infectious molecular clone was generated from a high-titer, human-tropic PERV isolate, 
Pig-to-human xenotransplantation may alleviate the shortage of human donor organs and may benefit the treatment of a wide range of health problems, such as diabetes, neurological disorders, and organ failure. However, the potential risk of zoonotic pathogen transmission remains a major obstacle (23) . While barrier derivation technologies allow the breeding of pigs free of exogenous pathogens, porcine endogenous retroviruses (PERV) are not eliminated due to their presence in germ line DNA. Moreover, certain PERV have been shown to infect human cells in vitro (25, 34, 54) although no in vivo transmission to human xenograft recipients has been observed as yet (5, 7, 8, 13, 22, 30, 32, 37, 52) . Three replication-competent, gammaretrovirus subgroups of PERV (PERV-A, -B, and -C) have been identified in the genomic DNA of pigs (21, 33, 34, 48) . While they share homologous gag and pol genes (Ͼ90% identity at the nucleotide level), significant differences within the env gene determine different receptor usage. PERV-A and PERV-B infect cells derived from human, pig, and some other species, whereas PERV-C infection is mainly restricted to pig cells (48) .
Genetic recombination has important implications in the risk of PERV zoonosis (42, 43, 46, 49) . In this regard, spontaneously occurring PERV recombinants may be more harmful than the endogenous forms of PERV present in pig genomes. For example, recombinant PERV, which were isolated from porcine primary cultures and display hybrid sequences within the env gene, replicate efficiently in human cells (28, 55) . However, studies on PERV recombination in terms of its genetic nature, biological effects, and implication for xenotransplantation have been limited. Notably, data from partial sequencing of the PERV genome revealed evidence for possible recombination events (28, 40, 55) but not a genetic characterization of the whole genome of recombinant PERV. In contrast, studies analyzing longer genome sequences (17) (18) (19) have not directly linked genetic recombination with its effect on biological activity of PERV.
A recombinant isolate, PERV-A 14/220, was originally isolated by transmission from activated peripheral blood mononuclear cells (PBMC) from a miniature pig to human embryonic kidney 293 cells (28) . PERV-A 14/220 infects human cells with a significantly higher titer than previous PERV-A and -B isolates (9) . Its genome consists of the gag, pol, and env transmembrane (TM) sequences most related to PERV-C and the env receptor-binding domain (RBD) of PERV-A (28). Here we generated an infectious molecular clone of this isolate and further characterized its full-length sequence. Comparison of this sequence with 15 full-length PERV database sequences confirmed the likely origins of the parental sequences and identified the precise recombination crossover points. Furthermore, we obtained evidence for other recombination events, which led to formation of different forms of germ line-as well as cell line-derived PERV-A. Our study of the infectivity of the PERV-A 14/220 clone, a previously described prototype PERV-A clone (2) , and chimeras derived from these two viruses demonstrated that there are multiple genetic determinants for the high infectivity of the recombinant PERV-A 14/220. The implications and consequences of PERV recombination for zoonotic transmission are discussed.
MATERIALS AND METHODS

PCR cloning and sequence determination of infectious PERV-A 14/220.
Genomic DNA from 293 cells infected with PERV-A 14/220 was extracted with a QIAamp DNA blood mini kit (QIAGEN) according to the manufacturer's instructions and used as a template in PCRs. A PCR-based method for the isolation of PERV proviruses was applied as previously described (2) . It was expected that PERV-A 14/220 would contain more PERV-C-related than PERV-A-related sequence in the long terminal repeat (LTR) as in most other parts of its genome. We therefore designed a new primer, (ϩ)5Ј-CTAATGAGAAGC TTAAAATTGTTCTGAATTC, matching with PERV-C LTR U3 sequences in the database (GenBank accession numbers AF038599 and AF038600) as the upstream primer of 5Ј halves. While 3Ј halves were obtained by using the previous reverse transcriptase (RT)-U3 primer pairs (2), 5Ј halves were successfully amplified and cloned by using the new U3 primer together with the RT reverse primer. PCR products encoding the 5Ј and 3Ј halves were subcloned by using a Zero Blunt TOPO PCR cloning kit (Invitrogen) according to the manufacturer's instructions. Two clones (each) for the 3Ј and 5Ј halves were used to construct plasmids containing infectious proviruses by joining two halves at an NheI site in the RT region, resulting in four proviruses with different 3Ј and 5Ј combinations. DNA sequences were obtained by dye terminator cycle sequencing with a CEQ 2000 instrument and accessories (Beckman).
Sequence analyses. (i) Sequence retrieval. Fifteen full-length PERV ␥1 subgroup sequences were retrieved from GenBank after screening by BLAST searches of nonredundant (default, nr) and patent (pat) databases at the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov:80/BLAST) and the default database at the DNA Data Bank of Japan (www.ddbj.nig.ac.jp). The default database at the DNA Data Bank of Japan but not at the National Center for Biotechnology Information included the sequences deposited for patent purposes. A full-length sequence, A66552, was excluded from this study but was represented by another sequence from the same laboratory, A66553 (named BQOne in this study) ( Table 1) . While A66553 has all intact open reading frames (ORF) for gag, pol, and env, A66552 has a number of ORF nonsense errors and six internal deletions and is 11 nucleotides (nt) shorter at the 5Ј end of the cDNA compared to the sequence of A66553. The following sequences (sized over 7 kbp) were also excluded as they do not display the fulllength genomes: AF038601/AR130474 (7,333 nt), AX052638 (7,873 nts), AX052634 (7,362 nt), and Y17013 (7,808 nt).
(ii) Local homology analysis. A program to align a set of sequences and calculate local homology along the alignment for all possible pairs of sequences was created (LOHA TM : local homology analysis, Y. Takeuchi and R. Myers; available from the authors on request). LOHA TM employs Clustal X (50) to align a number of sequences. All possible pairs of aligned sequences with gaps were analyzed to calculate the percent match for 41 positions (between 20 each 5Ј and 3Ј to a given position, but available positions decrease to 21 at 3Ј and 5Ј termini). Positions with gaps for both sequences were counted as matched, while positions with a gap for only one sequence were counted as mismatched. Analyses with different sizes of window, 21 and 81 instead of 41 bp, produced similar results albeit with different resolutions. A set of nine env genes of seven recombinants between PERV-A and PERV-C (A/C recombinants) derived from miniature swine and one each of PERV-A and PERV-C was also analyzed by LOHA TM with a window size of 21 (see Fig. 4 ). The percent match (y axis) was plotted against the nucleotide positions (x axis) by using Microsoft Excel.
(iii) Phylogenetic trees. Phylogenetic neighbor-joining (N-J) trees (36) were created by using Clustal X for the PERV genome regions corresponding to the following nucleotide numbers in the A14/220 sequence (Table 1) : leader (5Ј-R to gag initiation), 1 to 604; Gag, 605 to 2179; Pro, 2180 to 2536; RT, 2537 to 4425; integrase (IN), 4426 to 5761; surface (SU), 5637 to 7004; TM, 7005 to 7598; U3-R, 7648 to 8188 (putative junctions for Pro-RT, RT-IN, and SU-TM). The robustness of the N-J tree topology was assessed by bootstrap analysis, with 1,000 rounds of replication, by using the program PAUP version 4.0 (44) . Phylogram trees were rooted against the A151 germ line sequence (Table 1 ) and edited by using TreeView (29) .
Construction of chimeric proviruses. The indicated restriction sites NruI, NheI 1 , and NheI 2 (see Fig. 5B ) were used to construct chimeric proviruses by four-fragment mix-and-match cloning. For this purpose an NheI 2 site was introduced into Ap60 immediately after the stop codon of env by PCR-mediated mutagenesis by using the primers 5Ј-GAGCTAGCGGTCAGTTTC-3Ј and 5Ј-A CTGACCGCTAGCTTTCCCAGTTCT-3Ј; the PCR product sequence was verified. For the construction of further chimeras the XbaI and StuI sites, which are conserved between Ap60 and A14/220 (see Fig. 5B ), were used. Because the A14/220 plasmid contains additional XbaI and StuI sites outside of the proviral genome, partial restriction digests were performed. All chimera were verified by restriction digests and partial sequencing.
Immunoblotting and in situ staining. Cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred onto nitrocellulose membrane by using a semidry blotting system (Hoefer), and probed with the previously described rabbit anti-PERV capsid (CA) antibody (2) by chemiluminescence-based detection (Amersham), according to the manufacturer's instructions. The in situ detection of replicating PERV with the anti-PERV CA antibody and the detection of lacZ pseudotypes was performed as previously described (2, 47) .
Viruses and cell culture. The murine leukemia virus (MLV) lacZ vector and lacZ pseudotypes as well as the human embryonic kidney 293 cells have been described previously (48) . Cell-free infection was carried out essentially as described previously (2, 47) . Briefly, cells were seeded at 10 4 cells/well in 96-well plates. After 24 h virus dilutions were added in the presence of 4 g of polybrene per ml and then incubated for 3 days before fixation and staining. Transfection into 293 cells was performed by using Lipofectamine (GIBCO) or FuGENE (Roche) according to the manufacturer's instructions. A similar transfection efficiency was achieved between different proviral constructs as estimated by cotransfection of a green fluorescent protein expression plasmid, pCNCG (41), followed by fluorescence-activated cell sorting analysis. Cross-contamination of chimeric PERV cultures was controlled by performing PCRs with PERV-A-and PERV-C-specific primers on genomic DNA of viral cell cultures based on the protocol described above in the cloning section. RT activity was measured by using a C-type RT enzyme-linked immunosorbent assay (Cavidi Tech) according to the manufacturer's instructions.
Nucleotide sequence accession number. The sequence of the PERV-A 14/220 proviral clone A14/220 was determined and has been deposited in the GenBank database under accession number AY570980.
RESULTS
A high-titer PERV isolate from miniature swine. A biological PERV isolate, PERV-A 14/220, was obtained from an animal of swine leukocyte antigen haplotype c/c during screening of inbred herds of miniature swine for production of infectious PERV in a previous study (28) . This isolate was established by in vitro viral transmission from activated PBMC to human 293 cells. PERV-A 14/220 has been shown to possess a genome consisting of the gag, pol, and env TM subunit sequences most related to PERV-C and the RBD of the env SU protein, gp70 of PERV-A (28). Hence, this isolate uses the same receptors as PERV-A for cell entry (9) . Nucleotide sequences of the env gene of PCR clones representing PERV-A 14/220 have been reported as GenBank AF417227 and AF417228 (28) . In preliminary experiments, PERV-A 14/220 replicated in human 293 cells with faster kinetics than prototype PERV-A (PERV-A PK) isolated from porcine PK15 cells (9, 28, 34) . The culture supernatant of 293 cells persistently infected with PERV-A 14/220 contained up to 100-fold more infectious virus than that of PERV-A PK (Table 2) .
PCR cloning of infectious PERV-A 14/220. To further characterize PERV-A 14/220, we constructed an infectious molecular clone of this isolate by using a PCR-based technique previously described for prototype PERV-A PK (Ap60, formerly called PERV-60) ( Table 1) and PERV-B PK (Bp17, formerly called PERV-17) (2). Four plasmid constructs containing PERV-A 14/220 proviruses as well as the prototype PERV-A PK clone Ap60 were transfected into 293 cells, and cell lysates were analyzed for Gag-Pol expression with an anti-PERV CA antibody (2). All four PERV-A 14/220 proviruses produced detectable CA as early as 4 days after transfection, while it took 14 days for Ap60 CA to appear (data not shown). A preliminary virus transmission experiment on 293 cells showed that these molecular clones produced PERV as infectious as the biological isolate of PERV-A 14/220 (Table 2 and data not shown). The provirus clone that gave the highest titer was selected for use and was named A14/220 in further studies.
Sequence analyses. (i) Genetic make-up of PERV-A 14/220.
Previous partial sequence data of the biological isolate indicated that PERV-A 14/220 is a recombinant virus between PERV-C and PERV-A. To elucidate the origin of PERV-A 14/220 and identify recombination crossover points, we compared the A14/220 sequence with other full-length genomes of the PERV ␥1 group (33) which encompasses the PERV-A, -B, and -C subgroups. In total, 12 proviral sequences and three cDNA clone sequences (Cmsl, Ctsukuba, and BQOne) were retrieved; these are listed in Table 1 . These PERV genome sequences have been deposited following either screening for their infectivity (2, 6, 14, 19, 26) , screening for the presence of ORF by partial sequencing (1, 28) , or screening for their ability to produce full-length viral proteins (14, 26) . Importantly, some of the germ line sequences, A130, A151, A463 and B192, were obtained from the same bacterial artificial chromosome library by the same, extensive screening (26) . These clones are, therefore, likely to represent PERV that are currently infectious or were infectious until more recently than other PERV with more genetic defects in the pig genome.
The full-length sequences corresponding to the RNA genome (5Ј-R to 3Ј-R) were extracted from proviral sequences including A14/220, while those for cDNA clone sequences were generated by restoring the 5Ј-R sequence with the corresponding 3Ј-R sequence. The lengths of these sequences range from 8,143 to 8,299 nt, due mainly to size differences in their LTR and SU sequences ( Fig. 1 and 22) . Sets of two to four sequences were aligned and then analyzed for local sequence homologies. Nucleotide positions of the alignment (x axis) were plotted against percent match for a window of 41 nt (y axis) between a pair of aligned sequences by using the a Biological isolates, PERV-A 14/220 and PK, and viruses derived from molecular clones, A14/220 and Ap60, were titrated. A data set representative of two independent experiments is shown.
b Titration for replicating PERV was not possible because of high background in the immunostaining assay in TE671, Pindak, and ST-IOWA cells.
program LOHA TM ( Fig. 1 and 2) . First, to reveal the genetic nature of A14/220 as a recombinant, we aligned A14/220 with Cmsl (representing PERV-C), Ap60 (PK15 cell-derived prototype PERV-A, also compared in biological studies; see below) and A130 (representing germ line PERV-A). Homology plots of A14/220 against Cmsl and Ap60 based on this alignment are shown in Fig. 1 (top panel) . The plot of A14/220 versus Cmsl shows that these two sequences are highly related through the whole genome, apart from approximately 850 bp spanning the region of the pol-env junction. In this 850-bp region, A14/220 is highly related to Ap60 (Fig. 1, top) and A130 (data not shown). Most likely, the recombination crossover points (Fig. 1, arrows (ii) Evidence for other recombination events. In the above study on A14/220, we noticed that two PERV-A sequences, Ap60 and A130, were considerably different from each other outside of their env gene, suggesting that other recombination events may have resulted in the variability of PERV genomes. By applying the same local homology analysis on selected sets of sequences, evidence for two other prominent events of past recombination was discovered. Homology plots of Ap60 against A130 and B192 are shown in Fig. 1 (middle panel) . Ap60, an infectious PERV-A transmitted from a pig cell line PK15 to human 293 cells, appeared to contain a PERV-B-like sequence for the major part of the genome but with a PERV-A sequence for parts of pol and env. Similar to the relationship between A14/220 and PERV-C, Ap60 likely arose by recombination of PERV-B acquiring a PERV-A env sequence. Although it is unknown when such a recombination event occurred, there is no evidence that the Ap60 type of PERV-A sequence is present in pig germ line chromosomes. Likewise, another potential recombinant PERV is A463 (Fig. 1, bottom  panel) . Compared with A130 and B192, A463 appeared to contain an LTR and its proximal 5Ј and 3Ј regions from PERV-B, parts of pol and env from PERV-A, and a unique sequence for gag and the 5Ј part of pol (see Fig. 3 ). A463 is likely to be a genuinely endogenous PERV present in germ line DNA as it has been obtained from a pig genomic library, and PERV proviruses have been found in the same integration locus in different individual pigs (26, 27) . These results suggest that recombination between various PERV sequences has been instrumental in the formation of both germ line PERV sequences as well as pre-germ line fixation forms of exogenous or replicating PERV.
Our analyses uncovered evidence for recombination that generates PERV containing the PERV-A RBD and, therefore, is able to use PERV-A receptors (9) but not the other receptor groups, PERV-B and -C. These results suggested that the PERV-A env gene may be more prone to recombination and bound to more heterogeneous sequences than the PERV-B env. To investigate this possibility, four sequences each for PERV-A and PERV-B (three germ line and one cell line PERV sequence each) were aligned and all six possible pairwise homology plots for each set were obtained (Fig. 2) . Each of the four PERV-A sequences appear to be variable from each other in the 5Ј half of the genome, as all six plots show a match of less than 90% in many nucleotide positions. Conversely, the 3Ј end (end of env to U3) of these sequences can be classified into two types (the A130/A151 group and Ap60/ A436 group) (Fig. 2, top panel) . These results demonstrate that the PERV-A receptor group of viruses has heterogeneous sequences outside env (in the case of A14/220 env, the RBD). Homology in the 3Ј half of pol and env between A130 and A151 is remarkably high, despite the fact that they are different in the other parts of the genome. This suggests that either sequence or both may also have been generated by recent recombination events. In contrast, PERV-B sequences are conserved all along the genome, apart from some differences shown as troughs in the U3 region due to different numbers of enhancer repeats (Fig. 2, bottom panel) (38, 51, 53) . There is no variability bias toward specific genes or genetic elements, indicating no evidence of recombination in recently active PERV using PERV-B receptors.
(iii) Phylogenetic relationships between PERV full-length sequences. To confirm the above observations and to further study relationships between full-length PERV sequences, phylogenetic trees in different genome regions were produced (Fig. 3) . For ease of comparison, all trees were rooted by using A151 as the outgroup. Overall, PERV-A group sequences are scattered in trees apart from that for the SU region (A14/220 in SU is an exception). In contrast, all of the PERV-B sequences are generally clustered together with the exception of the IN of BQOne (see below). These results confirm that PERV-A SU is combined with more heterogeneous elements than PERV-B SU. The SU tree shows that A14/220 is unique in that its recombination occurred in the middle of SU, resulting in an SU derived from PERV-A RBD with the 3Ј half of SU from PERV-C (Fig. 3F) . In the regions other than SU and IN, A14/220 clusters with two PERV-C sequences, consistent with the above results (Fig. 1, top) . In contrast, Ap60 clusters with PERV-B from LTR to RT (Fig. 3A , B, C, D, and H), consistent with Fig. 1 (middle panel) . A436 occurs in various places in different trees, confirming that it contains PERV-A, PERV-B, and unique elements (Fig. 1, bottom, and Fig. 3 ). Of the six PERV-A sequences, apart from A14/220, this analysis separated them into two groups of three in the TM tree (Fig.  3G) . The positions of Ap60, A42, and A463 reflect that these are recombined with a PERV-B-related sequence near the end of TM, as shown for Ap60 and A436 in Fig. 1 (middle and bottom panels, respectively). It has been proposed that such recombination may rescue replication-defective endogenous PERV-A env, whose TM appears to be truncated (40) . The U3-R tree, 3Ј to this recombination point, demonstrates that A463, A42, and Ap60, unlike other PERV-A and -C genomes with so-called repeatless LTR, contain the PERV-B type LTR with enhancer repeats (51) (Fig. 3H) . Finally, the significance of BQOne's separation from the rest of PERV-B in IN (Fig.  3E ; also noted in a previous study [18] ) is not clear, because this sequence was created by multiple PCR cloning from a cDNA library (39) and was, therefore, potentially more susceptible to technical artifacts. The IN region appears to be most conserved as indicated by the data shown in Fig. 1 and 2 and as reflected by a rather complicated tree with many branches of medium length dividing smaller clusters (Fig. 3E) .
Subgroup classification of the PERV ␥1 group has been based on receptor usage and/or env gene homology. Our results demonstrate that this classification applies only to the env gene or, more strictly, to its RBD but not to the other regions. This may cause some confusion as one could identify PERV-A 14/220 and PERV-A PK as PERV-C and -B, respectively, even though they contain parts of the PERV-A env sequence and use PERV-A receptors. While the limit of this env-based classification should be noted, we consider that it is still a valid, convenient classification.
Env crossover points in various A/C recombinants. PERV transmission experiments by cocultivation of activated miniature swine PBMC with human 293 cells have led to the isolation of several PERV able to replicate in human 293 cells (28, 40, 54) . All these isolates, including PERV-A 14/220, appear to have hybrid env genes consisting of PERV-A-and -C-like sequence (28, 55) . To test if these env genes share recombination crossover points, A14/220 env and six env sequences (five from the Immerge laboratory and one from the National Institutes of Health [NIH]) were analyzed for local homology against Cmsl env (Fig. 4) . These six env fragments were cloned and sequenced from productively PERV-infected 293 cells. Although their function for cell entry has not been tested, most if not all of them are likely to represent env genes of infectious PERV recombinants. Indeed, previous env sequences reported for PERV-A 14/220 (GenBank accession numbers AF417227 and AF417228 [28] ) have the same crossover point as A14/220 and differ from the A14/220 sequence by only a few point mutations (data not shown). As for the nonrecombinant PERV-A reference, A130 env was also analyzed. Figure 4 shows that seven env sequences have different crossover points, scattered through the whole env gene. These results suggest that A-to-C recombination can occur in many places in the env gene, resulting in functional env genes with PERV-A receptors, although their levels of env activity may differ. No apparent recombination hot spots were found.
Difference in infectivity between A14/220 and Ap60 on different cell lines. It has previously been reported that a PERV-A 14/220 biological isolate infects several human cell lines and a pig cell line more efficiently than the prototype PERV-A PK (9) . It is noteworthy that PERV-A isolates and infectious molecular clones derived from PK15 cells have proved to be more infectious than any of the genomic clones derived from the germ line PERV (19, 26) . This, together with the sequence analyses above, suggests that PERV-A PK, like PERV-A 14/220, may be a recombinant PERV-A that has higher infectivity compared to its PERV-A germ line ancestor. The infectivity of biological isolates of PERV-A 14/220 and PK and their molecular clones (A14/220 and Ap60, respectively) was studied to confirm differences in titers between these viruses on different cell lines and to test if the molecular clones maintain the phenotype of biological isolates. Virus supernatant from 293 cells persistently infected with PERV that harbor an MLV lacZ vector was titrated on five cell lines (two human and one each of pig, mink, and cat) for replicating PERV by immunostaining and MLV lacZ vector transfer as previously described (2) . All virus producer cell lines persistently produced RT activity in their supernatants at a similar level (data not shown). Table 2 shows that in both assays, biological isolates and their corresponding molecular clones have similar infectivity on each cell line, indicating that the molecular clones represent the biological isolates in terms of infectivity. PERV-A 14/220 and A14/220 had up to 100-fold higher titer than PERV-A PK and Ap60 on all cell lines. In addition, the replicating virus titer on 293 cells was standardized against RT activity. A14/220 had 443 infectious units (IU) per mU of RT activity versus 3.3 IU/mU of RT for PERV-A PK, suggesting that an A14/220 PERV particle is about 100 times more infectious than a PERV-A PK particle. These results indicated that PERV-A 14/220 is more infectious on a wide range of cell lines than PERV-A PK and therefore more infectious than most PERV-A isolates or clones reported to date. Genetic determinants for high-titer in A14/220. To investigate the mechanism of high infectivity of PERV-A 14/220 and the genetic changes that can turn a relatively low-titer, prototype PERV-A into a high-titer virus, we attempted to map the genetic determinants for the titer difference between A14/220 and Ap60. First, chimeric constructs by mix-and-match of four fragments between A14/220 and Ap60 were produced and tested for infectivity after establishment of persistent infection in 293 cells. PERV replication was assayed by immunostaining (Fig. 5A) . While the titer difference between the parental A14/ 220 and Ap60 constructs was about 1,000-fold in this series of experiments, most of the chimeric constructs showed titers intermediate between those of A14/220 and Ap60. The phenotypes of A14/220 and Ap60 were not attributable to a single region, although constructs with relatively higher titers appeared to contain certain protein coding regions (Fig. 5A , fragments B and C) from A14/220. In contrast, viral cis elements had no (5Ј-LTR, fragment A) or only little (3Ј-LTR, fragment D) effects. These results suggested that there are multiple determinants for the titer difference in the protein coding region (fragments B and C).
To further define the infectivity determinants, fragments B and C were further dissected into two fragments each (Fig. 5B,  fragments b1, b2, c1, and c2 ). Constructs containing a mix and match of A14/220 and Ap60 for these fragments as well as fragments A and D from A 14/220 were tested. In this series, virus was harvested 3 days after transfection of 293T cells and then titrated on 293 cells. Again, the chimeric constructs had intermediate titers compared to those of A14/220 and Ap60 (Fig. 5B) . Fragment b1 corresponding to gag had the least effect on the viral titer, whereas the other fragments, b2, c1, and c2, affected virus titer substantially. These results indicated that there are multiple determinants for a difference in titers between A14/220 and Ap60 in the pol and env coding regions.
DISCUSSION
We conducted this study to gain insights into questions related to PERV recombination, such as how frequently PERV recombination occurs, what types of recombinant PERV can be formed, and what the consequence is in terms of zoonotic risk particularly for pig-to-human xenotransplantation.
An infectious molecular clone of high-titer, human-tropic PERV isolate, PERV-A 14/220, was generated. Most parts of the sequence of this clone were found to be almost identical to those of PERV-C. PERV-C infect porcine but not human cells, because human cells lack PERV-C receptors (48) . PERV-A 14/220, however, contains a PERV-A sequence of about 850 bp around the pol-env junction including the RBD (Fig. 1 and 4) , enabling this isolate to use PERV-A receptors and infect human cells (9) . Similar recombined forms of the env gene, containing PERV-A and -C sequences at the 5Ј and 3Ј ends, respectively, have been obtained as parts of human-tropic PERV isolated by transmission to a human cell line from miniature swine PBMC (28, 55) . Such recombinant env genes have not been detected in miniature swine genomic DNA by extensive screenings (40) . Each of these recombined env genes had different A-to-C crossover points (Fig. 4) , while at least three recombination patterns have been found for C-to-A recombination upstream of the RBD (18, 28) . It is, therefore, most likely that these A/C recombinant PERV, which are genetically distinct from each other, have arisen in individual pigs, since such A/C recombinant env sequences have also been found in nonstimulated porcine PBMC (56) . The possibility, however, remains that some of them were generated in the process of primary cell culture of porcine PBMC followed by their cocultivation with human cells. The relatively frequent isolation of recombinant, human-tropic PERV from the miniature swine indicates that these pigs are prone to produce such human-tropic, recombinant PERV.
PERV-A 14/220 infects several cell lines from different species at higher titers than the prototype PERV-A derived from PK15 cells ( Table 2) . As it has previously been reported that PERV-A PK infectivity was at least 100-fold lower than that of (2) . A data set of a representative of two independent experiments is shown by bars as well as numbers. (B) Chimeric PERV containing a mix-and-match set of protein coding region (fragments B and C in panel A) between A14/220 (gray bars) and Ap60 (white bars) sequences as well as the rest of the genome derived from A14/220 were constructed. Fragments B were divided to subfragments b1 and b2 by XbaI and fragments C were divided into to c1 and c2 by StuI. Results for chimeras containing three subfragments from A14/220 (three A14/220 plus one Ap60) as well as one subfragment from A14/220 (one A14/220 plus three Ap60) are shown. Infectious titer (infectious units per milliliter) of replicating PERV harvested 3 days after DNA transfection was measured on human 293 cells by an immunocytological focus assay. A data set of a representative of two independent experiments (transfection followed by titration) is shown.
VOL. 78, 2004 RETROVIRUS RECOMBINATION IN PIGS 13887
on October 1, 2017 by guest http://jvi.asm.org/ other standard gammaretroviruses, such as gibbon ape leukemia virus and MLV-A (2), the infectivity of PERV-A 14/220 appears to be close to the level of highly infectious gammaretrovirus isolates. In contrast, porcine genomic clones of germ line PERV-A have been reported to be even less infectious than PERV-A PK (19, 26) . Another PERV isolate which is also an A/C recombinant and more infectious than PERV-A PK is the PERV NIH isolate (Fig. 4 and reference 55 ). In our preliminary experiments PERV-NIH (kindly provided by C. Wilson) was severalfold less infectious than PERV-A 14/220 (data not shown). The A/C recombinant PERV-A 14/220, therefore, appears to be the highest titer PERV with PERV-A receptors reported to date. To investigate molecular mechanisms for the high infectivity of PERV-A 14/220 and genetic changes that can turn low-titer PERV-A to high-titer PERV-A, genetic determinants for a titer difference between A14/220 and Ap60 were mapped (Fig.  5) . One may predict that the U3 region which is most divergent between A14/220 and Ap60 (Fig. 1) would be a major determinant. However, previous studies have shown that PERV-C LTR (found in A14/220 and PERV-NIH) has a similar or lesser level of activity in human cells compared to those of prototype PERV-A or PERV-B (found in Ap60) (38, 53) . Our infectivity analyses showed that the LTR has only minor, if any, effects on the titer difference, consistent with previous LTR studies (Fig. 5) . While the gag region had little effect, we identified three genome segments covering the pol and env region containing determinants for the titer difference, with the env segment having the most pronounced effect (Fig. 5B) . In parallel with this study, the env gene has been further dissected and has been shown to have two separate determinants, making at least four determinants in total: one determinant was mapped to a single amino acid change in the RBD (a change within the PERV-A-derived sequence of A14/220), while the other lies in the PERV-C sequence (12) . These consistent results suggest that genetic elements responsible for the high infectivity of PERV-A 14/220 are multiple and many; at least three of them reside in the PERV-C-derived sequence. Therefore, a single mutation is not sufficient to allow lowtiter PERV-A to become as infectious as PERV-A 14/220 or other standard gammaretrovirus isolates. A single recombination event, rather than multiple mutations, may be a faster and more effective way to generate higher-titer, potentially more harmful PERV. Indeed, the prototype PERV-A PK represented by Ap60 and A42 clones, which is more infectious than known germ line PERV-A, appears to be a PERV-B/A recombinant (Fig. 1, middle panel) (40) . Overall, recombinant, exogenous forms of PERV with PERV-A receptors are likely to pose a greater zoonotic risk than germ line forms of PERV-A.
Evidence for other types of recombination in the past that generated PERV using the PERV-A receptor were obtained (Fig. 1, middle and bottom panels) . We also revealed that PERV-A but not PERV-B among PERV which are currently active, or were active until recently, are variable in the genome outside the env gene ( Fig. 2 and 3) . Such variability is likely to have arisen by recombination events where PERV-A env genes recombine with different genome elements, although sequence diversion by point mutations may have played some role. These results suggest that PERV-A env is more prone to recombination than PERV-B env and may have been propagating or surviving by hitchhiking on various types of PERV backbone. This is reminiscent of the env gene of the RD114 receptor group of beta-and gammaretroviruses, which have recombined to a wide range of viral backbone genomes and spread to a wide range of host species (3, 16, 20, 35, 45) . Acquisition of endogenous env sequences is also regularly seen in lymphomagenesis by murine and feline gamma retroviruses (4). It is not clear why PERV-A, but not PERV-B, env sequences recombine frequently.
There are several possible explanations for the promiscuity of PERV-A env. First, germ line PERV-A proviruses have less competent sequences outside of env, and therefore their env genes require more extensive recombination in order to generate fully infectious, exogenous PERV. Second, it is known that some endogenous retrovirus env can be toxic or beneficial to the host under certain circumstances (3, 4, 15) . A fine balance in the host-parasite relationship is required for an endogenous retrovirus to cohabit with the host. Thus, PERV-A env may be still adapting to the host environment by recombination, whereas PERV-B may have fully adapted to pigs and may at present be gradually decaying. Indeed, only one germ line clone of PERV-B, B213 has been reported to be weakly infectious (26) , and the exact origin of the prototype infectious virus, PERV-B PK represented by the Bp17, B33, and B43 clones, is unclear.
Additionally, the recombination frequencies could be affected by proviral copy number and genome transcription in virus producer cells. In this regard, it is noteworthy that PERV-A proviruses are present at higher levels than PERV-B proviruses in most pig herds including miniature swine (21, 31) and that PERV-A RNA transcripts appear to be more abundant than those of PERV-B in miniature swine PBMC cultures (31) . These facts may explain why replication-competent A/C, but not B/C, recombinants have been isolated from miniature swine PBMC (28) . Currently, however, it is unknown where (in what species or breeds or tissues or cells) and when the other recombinant PERV occurred in the past, and, therefore, no data on proviral gene dosage and RNA level are available.
There is evidence that PERV-B is older than PERV-A or PERV-C in the pig genome. PERV-B-type LTR with enhancer repeats has been estimated to be twice as old as the repeatless LTR found in PERV-A germ line clones (51) . Also, only the PERV-B, but not the PERV-A, env sequence was present in a warthog DNA sample, while samples from red river hog and bushpig, proposed to be closer relatives to the domestic pig than warthog (11), had both PERV-A and -B (33) . In terms of PERV-A evolution, genetic recombination complicates age estimation and interpretation of phylogenetic relationships among PERV-A. It has been proposed that some germ line PERV-A sequences including A130 and A151 are linked to repeatless, younger LTR and, therefore, are youngest among PERV-A env genes (51). It is, however, possible that such germ line proviruses may be older than many others, such as PERV-A PK and germ line A436, that have arisen by recombination with PERV-B. The type of LTR linked to many env sequences analyzed in a previous study (51) is unknown.
Compared with PERV-A and -B, PERV-C appears to be even younger in the pig lineage as not all domestic pigs have PERV-C sequence (33) . Miniature swine may be a unique pig breed as they possess more copies of PERV-C sequence (typ-ically five to nine copies [31] ) than many other pig herds (one to three copies [24] ), suggesting that PERV-C is active in miniature swine. Although only limited studies have been performed on PERV transmission to human cells from primary cultures from other pig herds such as Large Whites, it is intriguing that A/C recombinant PERV have been reported from miniature swine but not from other herds. Miniature swine may be more prone to production of human-tropic, high-titer A/C recombinant PERV, like PERV A 14/220 or PERV-NIH, due to their possession of active PERV-C. Thus, miniature swine that possess replication-competent PERV-C may not represent an optimal source for xenotransplantation materials. However, miniature swine that do not produce replicationcompetent PERV-C have been identified (56) . Further careful studies on PERV genetics and biology are required in the quest for an improved xenotransplantation source.
